INTRODUCTION
White adipose tissue (WAT) stores energy in times of nutritional excess, and its dysfunction contributes to metabolic disorders such as type 2 diabetes (Rosen and Spiegelman, 2014) . BAT is specialized to dissipate stored chemical energy in the form of heat, and BAT mass inversely correlates with body mass index and has been ascribed a potential anti-obesity function (van Marken Lichtenbelt et al., 2009; Virtanen et al., 2009 ). Recent studies have revealed the ability of certain WAT depots to activate thermogenesis upon exposure to cold and hormonal stimuli (Ohno et al., 2012; Tiraby and Langin, 2003) . A subpopulation of cells in inguinal WAT (iWAT) known as ''beige'' cells expresses UCP1 and carries out thermogenesis (Wu et al., 2012) . UCP1 is crucial for thermogenesis in both brown and beige adipocytes, and its activity contributes to regulation of energy balance (Feldmann et al., 2009) .
Immune-adipose crosstalk has pronounced effects on the expansion and activation of beige adipose tissue. Several studies have highlighted the importance of anti-inflammatory (type II) cytokines in regulating adipose thermogenesis. Production of interleukin-4 (IL-4)/IL-13 by eosinophils upon stimulation by cold or exercise activates thermogenesis (Qiu et al., 2014; Rao et al., 2014) . Activation of type 2 innate lymphoid (IL-C2) cells by IL-33 acts via IL-4Ra in pre-adipocytes to promote beige fat biogenesis (Lee et al., 2015) . Recently, IL-33 was shown to license adipocytes for uncoupled respiration by regulating the splicing of UCP1 (Odegaard et al., 2016) .
IL-10 is a type II cytokine with anti-inflammatory properties and its loss is associated with autoimmune pathologies (Couper et al., 2008) . IL-10 is secreted by multiple immune cells, including macrophages, dendritic cells, B cells, and T cells (Saraiva and O'Garra, 2010) . It signals through a receptor complex of IL-10Ra and IL-10Rb to trigger the activation of signal transducer and activator of transcription 3 (STAT3) (Moore et al., 2001) . STAT3 is essential for the anti-inflammatory activity of IL-10 (Lang et al., 2002) , which are believed to be primarily due to repression of transcription. However, the precise mechanisms by which IL-10 regulates gene expression remain very poorly understood (Murray, 2005; Murray and Smale, 2012) . The role of IL-10 in adipose biology and energy homeostasis is largely unknown. Some studies have suggested that IL-10 might create an anti-inflammatory milieu by promoting the activity of M2 macrophages (Gao et al., 2013; Hong et al., 2009; Lumeng et al., 2007; Xie et al., 2014) . However, loss-of-function studies have not supported an anti-obesity role for IL-10 (den Boer et al., 2006; Mauer et al., 2014; Miller et al., 2011) . Furthermore, ablation of IL-10 does not cause insulin resistance (Kowalski et al., 2011) . Here, we delineate a function for IL-10 signaling in directing transcriptional responses that limit thermogenesis. We show that bone-marrow-derived IL-10 acts on adipocytes via IL-10Ra to repress thermogenic gene expression by altering the chromatin landscape at transcriptional regulatory regions. These findings identify the IL-10 axis as a regulator of thermogenesis and expand our understanding of the links between immune signaling and adipose tissue function.
RESULTS

Ablation of IL-10 Protects Mice from Diet-Induced Obesity
To dissect the role of IL-10 in systemic metabolic homeostasis, we analyzed young Il10 -/-mice (10 weeks of age) on a C57BL/6 background. IL-10 deficiency on this genetic background is associated with a relatively low incidence of colitis (Keubler et al., 2015) . There was no overt evidence of systemic inflammation in Il10 -/-mice, and they had comparable body weights and colon morphology to wild-type (WT) controls (Figures S1A-S1C). However, on visual inspection, iWAT from Il10 -/-mice appeared redder than that from littermate controls. Histological analysis also revealed smaller adipocytes and increased numbers of cells with multilocular lipid droplets ( Figure 1A ). Serum triglycerides were lower, and serum-free fatty acids were elevated in Il10 -/-mice ( Figure S1D ). We further found that Il10 -/-mice exhibited markedly improved glucose tolerance despite similar basal glucose levels (Figures 1B and S1D) . Interestingly, ablation of IL-10 did not have a marked influence on serum pro-inflammatory cytokine levels or total or activated M1 macrophage populations in adipose tissues (Figures S1E and S1F) .
Next, we addressed how this phenotype progressed with age. Chow-fed Il10 -/-mice at 8 months of age were grossly leaner than controls and had less total body mass and fat mass ( Figures  1C-1E ). Furthermore, the size and weight of individual adipose depots were reduced ( Figure S1G ). Livers of Il10 -/-mice also appeared to be protected from hepatic steatosis ( Figure 1D ). We further assessed how IL-10 ablation would affect the development of diet-induced obesity. Mice of 10 weeks of age were fed a high-fat diet (HFD; 60% calories from fat) for 6 weeks. After this regimen, Il10 -/-mice were grossly leaner and gained less weight than WT mice (Figures 1F and 1G) . MRI analysis of body composition confirmed reduced body fat with no difference in lean mass ( Figure 1H ). Il-10 -/-mice were also protected from diet-induced hepatic steatosis, and the size and weight of individual adipose depots were reduced ( Figures 1G-1I and S1H). Liver and serum triglyceride and cholesterol levels were reduced in Il10 -/-mice ( Figure S1I ), and the mice had improved glucose tolerance and insulin tolerance ( Figures 1J and 1K) . Assessment of AKT phosphorylation in response to insulin suggested that adipose tissue insulin sensitivity was preferentially increased in the absence of IL-10 ( Figure S1J ). Colon morphology and histology revealed no apparent signs of colitis in Il10 -/-mice (Figures S1K and S1L), although we noted a small increase in the basal levels of Mcp1 and Il-12p40 in colon tissue ( Figure S1M ). With the exception of IL-10, WT and Il10 -/-mice had comparable levels of most pro-inflammatory cytokines in serum ( Figure S1N ). There was a modest decrease in both serum and adipose MCP-1 in HFD-fed Il10 -/-mice (Figures S1O and S1P), in line with their protection against diet-induced obesity (Kanda et al., 2006; Sartipy and Loskutoff, 2003) .
Increased Energy Expenditure in IL-10-Deficient Mice Next, we probed the influence of IL-10 expression on energy homeostasis. Chow-fed mice at 10 weeks of age were individually housed in metabolic chambers for 72 hours. Oxygen consumption rate (VO 2 ) energy expenditure (EE) and food consumption were higher in Il10 -/-mice compared to WT controls . Metabolic cage studies performed on an independent cohort of HFD-fed mice revealed similar elevations in VO 2 and EE in mice lacking IL-10 ( Figures S2B and S2C ).
To examine if the increase in EE in Il10 -/-mice might reflect altered mitochondrial activity, we isolated mitochondria from iWAT and measured rates of oxygen consumption (OCR). Mitochondrial respiration was sequentially measured with substrate present (basal respiration) and in the presence of ADP (complex V respiration) or FCCP (maximal respiration). We observed increases in basal, complex V, and maximal respiration in Il10 -/-mice ( Figures 2D and S2D ). We then assessed the activity of complexes I-IV by performing an electron flow assay. The activity of all complexes was augmented in Il10 -/-mitochondria ( Figures 2E and S2D ).
Increased Adipose Thermogenesis in IL-10-Deficient Knockout Mice
To address whether the loss of IL-10 affected adipose gene expression, we performed RNA sequencing (RNA-seq) on iWAT from chow-fed, 10-week-old mice. Remarkably, as depicted in Figure 2F , genes linked to adipocyte thermogenesis (F) Body weight of mice fed chow diet for 10 weeks and then on a 60% high-fat diet (HFD) for 6 weeks. N = 16, 12. Statistical analysis was performed using Student's t test. (G) External and gross tissue appearance of representative 6-week-old mice that were HFD-fed. (H) Fat and lean mass of mice in (F). Statistical analysis was performed using Student's t test.
(I) Representative histology of iWAT and BAT from mice in (F). (J) An i.p. glucose tolerance test (GTT) was performed on WT and Il10 -/-mice fed chow diet for 10 weeks and then on a 60% HFD for 6 weeks. N = 7.
(K) An i.p. insulin tolerance test (ITT) was performed on mice in (J). N = 7. Comparisons at each time point were made against WT control mice by repeated measures ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant. Error bars represent SEM. See also Figure S1 . (A-C) Energy expenditure (EE) (kCal/kg/hr) (A), VO 2 (mL/kg/hr) (B), and food intake (g) (C) of chow-fed 10-week-old WT and Il10 -/-mice was analyzed by Columbus
Oxymax metabolic chambers. 12-hr light/dark cycles; 72-hr total duration; and each light/dark bar represents 12 hr duration. N = 7. Statistical analysis was performed using two-way ANOVA and ANCOVA. (D and E) Average oxygen consumption rate (OCR) of mitochondria isolated from iWAT in mitochondrial coupling (D) and electron flow assays (E) . Samples were treated with different substrates or inhibitors to obtain specific respiration states as indicated. Data are the average of six internal replicates and are representative of two experiments. Statistical analysis was performed using Student's t test.
were highly upregulated in iWAT from Il10 -/-mice compared to controls. Such genes included Ucp1, Cidea, and Pm20d1 (Long et al., 2016) . Conversely, genes selectively expressed in WAT and those associated with obesity, including Mmp12, Trem2, Celec4d, and Atp6v0d2, were downregulated. We further analyzed the correlation between the gene expression signatures of WT and Il10 -/-iWAT and reference BAT and WAT from public datasets (Seale et al., 2007) . The data plot in Figure 2G is divided into four quadrants with different shades of red and blue representing the BAT/WAT ratio as a function of knockout (KO)/WT ratio. Figure S2G ).
To rule out a contribution of subclinical colonic inflammation to the metabolic phenotype of Il10 -/-mice, we treated them with the broad-spectrum antibiotic enrofloxacin starting at 4 weeks of age (Hoentjen et al., 2003; Madsen et al., 2000) . After 7 weeks of antibiotic Il10 -/-mice still had increased adipose thermogenic gene expression ( Figure S2H ). Thus, the improved metabolic phenotype of Il10 -/-mice could not be linked with the development of colitis or obvious systemic inflammation. Adrenergic signaling is enhanced in mice housed at ambient temperature (23 C) compared to thermoneutrality (30 C). We noted that genes induced in response to cold, such as Cpn2, Otop1, and Pm20d1 (Long et al., 2016) were upregulated in Il10 -/-mice maintained at 23 C ( Figures 2F and 2G ). This finding raised the possibility that either increased production of b-adrenergic agonist or increased response to the same level of agonist might contribute to the phenotype of Il10 -/-mice.
To address this, we housed 4-week-old mice at 30 C for 7 weeks. Thermoneutral housing attenuated the differences in thermogenic gene expression between WT and Il10 -/-mice ( Figure S2I ), suggesting that the phenotype was dependent on active beta-adrenergic signaling. To rule out the possibility that Il10 -/-mice were producing more b-adrenergic agonists, perhaps because they were perceiving cold due to changes in skin or fur, we measured body temperature and catecholamine levels and observed no differences between groups ( Figures  S2J and S2K) . Further, Il10 -/-mice exposed to cold (5 C) for 6-24 hr showed a more robust increase in thermogenic genes compared to controls ( Figure S2L ). These findings suggest that IL-10 affects the downstream response to b-adrenergic agonists.
Bone Marrow IL-10 Production Determines the Thermogenic Phenotype To determine the source of the IL-10 signal leading to these metabolic effects, we performed bone-marrow transplantation (BMT) studies. We reconstituted lethally irradiated Il10 -/-mice with either WT (WT➞KO) or Il10 -/-bone-marrow (KO➞KO) (Figure S3A) . Genotyping of blood 7 weeks post-BMT showed that the WT allele was fully reconstituted in Il10 -/-mice ( Figure S3A ). Following the transplant WT➞KO mice gained more weight and accumulated more fat mass than KO➞KO controls (Figures 3A and 3B) . The iWAT depot was larger in WT➞KO mice compared to KO➞KO controls ( Figure 3C ). WT➞KO mice also had higher blood glucose levels and were less glucose tolerant ( Figures  S3B and S3D) . Importantly, neither group showed apparent signs of colitis ( Figure S3C ). We performed calorimetry to investigate whether the thermogenic phenotype of IL-10-deficient mice was rescued by WT bone marrow. WT➞KO mice had reduced VO 2 and EE compared to KO➞KO mice ( Figure 3E ). Consistent with this finding, thermogenic gene expression and mitochondrial respiration were repressed in WT➞KO mice .
IL-10-IL-10R Axis Represses Adipocyte Thermogenesis
To explore if IL-10 could act on adipose tissue directly, we characterized IL-10Ra expression in fat. Il10ra was highly enriched in the mature adipocyte fraction of iWAT and Il10ra, but not Il10rb, was induced during differentiation ( Figures 4A, 4B , and S4A). Furthermore, Il10ra was increased in response to HFD, genetic obesity, and aging ( Figures 4C and S4B ). Interestingly, Il10ra was also regulated over the time course of mice exposed to cold. Il10ra was induced acutely, but fell as thermogenic gene expression increased ( Figures S4C and S4D ). We also found that cold exposure and HFD feeding led to an increase in serum IL-10 ( Figure S4D ). IL-10Ra levels were higher in WAT compared to other metabolic tissues such as liver and muscle ( Figure S4E ).
Meta-analysis of published data from the Metabolic Syndrome in Men (METSIM) study (N = $10,000) and >100 strains of highfat/fructose fed mice from the hybrid mouse diversity panel (E) EE, VO 2 , and food intake were analyzed by metabolic chambers. 12-hr light/dark cycles; 72-hr total duration; and each light/dark bar represents 12-hr duration. N = 10 per group. Statistical analysis was performed using two-way ANOVA and ANCOVA.
(F) Gene expression in iWAT determined by real-time PCR. N = 9. Statistical analysis was performed using Student's t test. (Laakso et al., 2017; Parks et al., 2013) showed robust correlation of IL10Ra with fat mass and insulin resistance (Figures 4F and 4G) . We also identified Il10ra as a direct PPARg target gene. Il10ra expression was induced in response to PPARg activation, and analysis of published chromatin immunoprecipitation sequencing (ChIP-seq) data revealed robust enrichment of PPARg at the enhancer region of the Il10ra gene locus in adipocytes ( Figure S4F ) (Siersbaek et al., 2012) . Next, we assessed whether the IL-10Ra pathway was functional in adipocytes. We confirmed that IL-10 activated STAT3 phosphorylation ( Figure S4G ). We then proceeded to knock down IL-10Ra in iWAT with an adenoviral vector expressing a specific small hairpin RNA (shRNA). Partial knockdown of IL-10Ra protein was sufficient to increase thermogenic gene expression ( Figures 4D and 4E ). We also performed acute knockdown studies in vivo using an antisense oligonucleotide (ASO) targeting IL-10Ra. Importantly, we observed knockdown of IL-10Ra expression in fat, but not liver or muscle, in response to ASO treatment ( Figure 4H ). Acute IL-10Ra depletion by ASO caused weight loss, a reduction in fat but not lean mass, and a reduction in WAT weight ( Figures 4I-4K ). Neither control ASOnor IL-10Ra ASO-treated mice showed signs of colitis (Figure S4H) . Furthermore, expression of thermogenic genes was increased in iWAT of IL-10RaASO-treated mice ( Figure 4K ).
Treatment of iWAT acutely ex vivo with IL-10 decreased UCP1 protein and its corresponding mRNA (Figures 5A and 5B) . To establish that these effects were due to direct actions of IL-10 on adipocytes and did not require other cell types, we studied primary beige adipocytes differentiated in vitro. Treatment of these cells with IL-10 also led to a robust downregulation of thermogenic genes ( Figure S5A ). To facilitate our analysis of IL-10 signaling in cultured adipocytes, we established an immortalized brown-like preadipocyte cell line that expressed IL-10Ra and was capable of inducing thermogenic genes in response to stimuli (iBAd cells). IL-10 signaling was operative in these cells as indicated by induction of the canonical IL-10-responsive gene Socs3 ( Figure 5C ). Reciprocal with the induction of Socs3, we observed a decrease in Ucp1 levels and decreased mitochondrial respiration upon IL-10 treatment ( Figure S5B ). Pretreatment of the cells with an IL-10Ra antibody or small interfering RNA (siRNA)-mediated knockdown of STAT3 blunted the effects of IL-10 ( Figures S5C and S5D ).
We then assessed global gene expression in differentiating iBAd cells in the presence or absence of IL-10. Genes induced in vehicle-treated cells more than 5-fold on day 5 (D5) of differentiation compared to D0 were plotted as a heat-map ( Figure 5D ). Thermogenic genes such as Ucp1, Cidea, and Pppargc1a were among the highest induced genes on D5. Moreover, these same genes were also among the most highly inhibited by IL-10 (Figure 5D ). Pathway analysis revealed that brown fat cell differentiation and lipid metabolic processes were compromised by IL-10 ( Figure 5E ). Blockade of the browning program by IL-10 was further validated by plotting the RNA-seq vehicle (NT)/IL-10 expression ratio as a function of WAT/BAT expression ratio (Sun et al., 2013) . 70% of the genes inhibited by IL-10 were brown-selective genes, suggesting a high specificity for the browning program ( Figure 5F ).
IL-10 Alters Chromatin Architecture at Thermogenic Genes
The primary mode of IL-10 action in macrophages is believed to be inhibition of transcription, although the underlying mechanisms are unclear. We found that IL-10 inhibited the abundance of primary transcripts of thermogenic genes and the expression of putative enhancer RNAs (eRNAs) from Ucp1 ( Figure 5G ), indicating that IL-10 was acting to block transcription. To test whether IL-10-dependent repression of transcription was due to action at DNA regulatory regions, we performed genomewide assay for transposase-accessible chromatin sequencing (ATAC-seq) on differentiated iBAd cells. ATAC-Seq peaks correspond to genomic regions sensitive to cleavage by transposase because of their open chromatin configuration (Buenrostro et al., 2013) . Using a parallel approach to the RNA-seq analysis of Figure 5D, we identified 3,174 ATAC peaks that were enriched more than 5-fold on D5 compared to D0 in vehicle-treated cells and represented them as a heatmap ( Figure 6A ). Peaks indicative of open chromatin appearing at D5 included those at the enhancer/promoter regions of thermogenic genes such as Ucp1 and Cidea, consistent with the induction of these genes during differentiation. In line with the inhibitory effects of IL-10 on thermogenic gene repression, IL-10 markedly reduced ATAC peak enrichment at thermogenic genes ( Figure 6A ).
To qualitatively assess the changes in ATAC-seq peaks, we plotted the data as a bedgraph. As shown in Figure 6B , on D5 of brown differentiation a discreet set of new peaks emerged (peaks 1 and 3), indicative of newly opened chromatin at regulatory regions of the Ucp1 locus. Remarkably, IL-10 treatment caused an almost complete loss of these differentiation-dependent peaks, indicating that the chromatin remained closed in response to IL-10 signaling. These changes in ATAC peaks were consistent with the RNA-seq data showing a decreased Ucp1 transcript in IL-10-treated cells and increased transcript in IL-10-deficient mice. Importantly, there were a number of prominent ATAC peaks at the Ucp1 locus that were not affected by IL-10 (e.g., peak 2), indicating that IL-10 was selectively altering chromatin at specific sites ( Figure 6B ). Specificity was further confirmed by aligning the adipocyte results with ATACseq data from Il-10 -/-bone-marrow-derived macrophages treated with and without IL-10. Most of the peaks present at the Ucp1 locus in adipocytes were absent in macrophages. ATAC-seq peak quantification at the Ucp1 locus further validated the repressive effects of IL-10 at peaks 1 and 3, but not 2 ( Figure 6C ). IL-10 treatment also altered chromatin configuration at the regulatory regions of a battery of other thermogenic genes, including Cidea, Ppargc1a, and Elovl3 ( Figures 6B and S6E) . (G and H) Average oxygen consumption rate (OCR) in coupling (G) and electron flow (H) assays of mitochondria isolated from iWAT of WT/KO and KO/KO mice. Data are the average of six internal replicates and are representative of two experiments. Statistical analysis was by Student's t test. *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent SEM. See also Figure S3 . 
(legend continued on next page)
Furthermore, examination of ATAC signals at genes whose expression was not altered by IL-10, including Fabp4 and Ephx1, showed that the ATAC peaks were virtually unchanged by IL-10 ( Figure S5E ). The expected increase in ATAC signals at the Socs3 locus served as a positive control for IL-10 transcriptional effects ( Figure S5E ). Finally, we plotted the ratio of vehicle/IL-10 from our ATAC-seq data as a function of gene expression (RNA-seq). Changes in ATAC peaks did not always correlate with transcript abundance, suggesting that changes in chromatin configuration do not necessarily translate into transcriptional regulation. However, we found a small cluster of genes in the quadrant 2 of the plot shown in Figure 6D with particularly high ATAC-/RNA-seq correlation. This cluster included thermogenic genes, such as Ucp1, Pppargc1a, and Cidea, further underscoring the specificity of IL-10 action. To extend our results to beige adipocytes, we performed ATAC-seq on adipocytes differentiated from primary SVFs from iWAT of 10-week-old mice. We found that IL-10 altered chromatin accessibility at thermogenic genes (Ucp1, Cidea, and Cox8b) in primary beige adipocytes ( Figure S6A ). We isolated mature adipocytes from iWAT and performed ATAC-seq to further establish the physiological relevance of our findings. Consistent with the upregulation of thermogenic genes (Figure 2 ), regulatory regions of Ucp1, Cidea, Cox8b, Adrb3, and Pm20d1 were in a more open chromatin configuration in Il10 -/-compared to WT iWAT adipocytes ( Figures 6E, 6F , and S6B). Thus, results from three different models indicated that IL-10 affects chromatin architecture and thermogenic gene transcription in a cell-autonomous manner.
IL-10 Alters Transcription Factor Occupancy at Thermogenic Genes
Thermogenic gene transcription is orchestrated by multiple transcriptional regulators (Harms and Seale, 2013) . To investigate if IL-10 affected accessibility at sites of transcription factor binding, we performed in silico analysis. We plotted all the ATACseq data peaks from D0 and D5 as a function of fold induction to assess the percentage of peaks showing a change in accessibility during differentiation. About 10% of the ATAC peaks show an increase of 5-fold or higher on D5 ( Figure S7A ). Furthermore, the distribution of ATAC peaks that were highly enriched during BAT differentiation favored intergenic regions that could possibly contain enhancer elements ( Figures S7B and S7C) . We separated the ATAC peaks into 10 equivalently sized bins to assess the peak strength (reads per kilobase per million mapped reads [RPKM]) within each category of samples (D0, D5, and D5+IL-10). Next, we quantitatively assess transcription factor binding sites in the intergenic/enhancer regions where ATAC peaks were enriched. Motifs associated with the binding of canonical thermogenic transcription factors such as CREB/ ATF, C/EBPs, and NFIs were highly enriched on D5 ( Figure S7D ). By contrast, AP-1 (Fos/Jun) motifs were highly downregulated.
To further investigate the effect of IL-10 on transcription factor enrichment, we analyzed the same regions from Figure S7D and divided the motifs into three groups based on the level of IL-10 inhibition. IL-10 caused a substantial loss of enrichment for motifs associated with thermogenesis-linked transcription factors ( Figure 7A ). To complement these in silico analyses, we directly tested the functional relevance of the transcription factor motifs identified by ATAC-seq. We performed directed qChIP-PCR analysis on the regulatory regions of Ucp1 gene locus. The boxed peaks in Figure 7D contain sequences that regulate chromatin dynamics through histone modification and recruitment of transcription regulators such as C/EBPs, PGC1a, and CREB/ATF. We found that IL-10 treatment compromised active enhancer histone methylation mark H3K4me1 as well as recruitment of C/EBPb, PGC1a, and ATF-2 to Ucp1 regulatory peaks 1 and 3, but not to the constitutively present peak 2 ( Figure 7B ). In accordance with these ChIP data, IL-10 treatment caused a marked reduction in the ATF-2 phosphorylation and protein levels of PGC1a in adipocytes ( Figure 7C ).
To further investigate the involvement of C/EBPb in the actions of IL-10, we performed genome-wide Chip-seq. Motif analysis showed that the C/EBPb consensus site was highly enriched in our peak analysis, and peak annotation showed that IL-10 treatment did not cause global changes in C/EBPb DNA occupancy ( Figures S7E and S7F) . However, gene ontology analysis revealed that IL-10 antagonized C/EBPb enrichment selectively at gene loci associated with the brown differentiation program ( Figure 7D ). For example, IL-10 blunted the recruitment of C/EBPb to regulatory regions of Elovl6, Lpl, and Ppargc1a, without affecting recruitment to Pparg ( Figures  7E and S7G ).
DISCUSSION
Although multiple signaling pathways that can stimulate adipose tissue browning have been characterized, the physiologic limiters of energy expenditure programs are not well defined. Here, we have outlined an unexpected role for IL-10 in the modulation of adipocyte thermogenesis. Loss of IL-10 in mice increased energy expenditure and protected against dietinduced obesity, and did so in the absence of overt systemic (D) Immunoblot analysis of protein from iWAT of 10-week-old mice injected with 2 3 10 9 plaque-forming units (PFUs) of the adenovirus-expressing control shRNA (legend continued on next page) or adipose inflammation. We further showed that IL-10 acts directly on adipocytes to repress thermogenic genes by altering the chromatin landscape. These findings expand our understanding of the complexity of regulatory links between immune and inflammatory signaling and adipocyte metabolism. They further suggest that blockade of IL-10 receptor signaling in fat could represent a tractable approach to de-repress thermogenic gene expression in a therapeutic context. Adipose tissue inflammation is widely regarded to be a contributory factor in the development of metabolic dysfunction (Lumeng and Saltiel, 2011) . However, paradoxical increases in (F) RNA-seq data from the in-vitro-differentiated WAT/BAT ratio (Sun et al., 2013) plotted as a function of RNA-seq data from the NT/IL-10 ratio. (G) Real-time PCR analysis of primary mRNA transcripts and Ucp1 eRNA in iBAd cells on D5 with and without IL-10 for 16 hr. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant. Error bars represent SEM. See also Figure S5 . insulin resistance in mice depleted of various pro-inflammatory signals, and the development of age-related obesity upon anti-inflammatory ablation, suggest a more complex relationship between the immune system, adipocytes, and systemic metabolism (Bapat et al., 2015; Wallenius et al., 2002; Wernstedt Asterholm et al., 2014) . Several pro-inflammatory molecules have been shown to impair insulin action and lipid storage in mouse models, leading to the suggestion that inhibition of adipose tissue inflammation might be beneficial in the setting of diabetes (Shoelson et al., 2006) . Inflammation is also linked with increased energy expenditure in patients with cachexia and inflammatory bowel disease (Barot et al., 1981; Moldawer et al., 1987) . The cytokine IL-6 is induced in response to exercise and cancer cachexia has been associated with browning and energy expenditure (Knudsen et al., 2014; Petruzzelli et al., 2014) . Similarly, nuclear factor kB (NF-kB) is induced in cancer cachexia and is known to promote energy expenditure (Tang et al., 2010; Tisdale, 1997) . In contrast, IL-1b and tumor necrosis factor alpha (TNF-a) have been reported to negatively regulate adipose thermogenesis and to (legend continued on next page) cause desensitization to catecholamines (Goto et al., 2016; Nisoli et al., 2000) . Thus, the effects of individual cytokine pathways on thermogenesis are likely to depend on a range of variables, including the source of the cytokine, the duration of the exposure, and the cell type(s) responding to it.
The ability of IL-10 to counter the pro-inflammatory actions of other cytokines is well documented (Saraiva and O'Garra, 2010) . Contrary to the expectation that loss of IL-10 might exacerbate adipose inflammation, we did not observe this. Our finding that IL-10-deficient mice had increased thermogenic gene expression even when maintained on an antibiotic that prevents colitis indicates that bowel inflammation is not the driver of their metabolic phenotype. Multiple lines of evidence suggest that adipocyte-intrinsic effects of IL-10 signaling are an important determinant of thermogenesis; however, we acknowledge that we cannot exclude the possibility that secondary changes in the activities of other cytokine pathways might also contribute to the phenotype of IL-10-deficient mice.
Several prior studies have addressed metabolism in IL-10-deficient mice, with differing results. Clementi et al. and den Boer et al. found that Il10 -/-mice fed HFD had increased hepatic triglycerides but no change in insulin sensitivity (Clementi et al., 2009; den Boer et al., 2006) . In better agreement with our data, Miller et al. (2011) reported that Il10 -/-mice fed high fat diet for 12 weeks were protected from hepatic steatosis, and Faulkner et al. (2013) reported that Il10 -/-mice on HFD had reduced adiposity and increased insulin sensitivity. Potential factors that might influence these differing results include dietary composition, subtle differences in genetic background of the Il10 -/-mice, and vivarium conditions. Given that IL-10 is known to engage in crosstalk with many other pathways, including IL-6 and Toll-like receptor (TLR) signaling, it seems likely that the basal activities of such pathways could also be an important variable in the metabolic consequences of IL-10 deletion. We have built on prior work in macrophages to dissect the actions of IL-10 in a different cell type, where it acts on a largely distinct set of transcriptional target genes. ATAC-and RNA-seq revealed that chromatin at the regulatory regions of thermogenic genes remained closed during browning in the presence of IL-10. Importantly, this effect was selective for the thermogenic program, as the chromatin structure adipocyte genes not related to browning was not altered. Thus, IL-10 is not a general inhibitor of adipocyte transcription, but rather a specific modifier of thermogenesis. We also identified specific transcription factors whose interactions with regulatory regions of thermogenic genes were dependent on IL-10 signaling. ATAC accessibility at ATF/CREB and C/EBP motifs was enriched during browning, and the presence of IL-10 antagonized accessibility at these motifs. Consistent with the changes in accessibility at these motifs, directed ChIP analysis showed reduced occupancy of C/EBPb, ATF-2, and its cofactor PGC-1a at Ucp1 regulatory regions in the presence of IL-10. Furthermore, genome-wide ChIP-seq analysis revealed selective changes in the recruitment of C/EBPb to regulatory regions of thermogenic genes. Finally, we found that AFT-2 activation and expression of PGC-1a itself were also repressed in response to IL-10.
Our data are most consistent with the model that IL-10 acts on pre-existing mature adipocytes to enact a change in gene expression that alters their thermogenic activity. IL-10Ra is enriched in white and beige adipocytes and is upregulated during differentiation and in obesity. Thus, hematopoietic-derived IL-10 could act on white adipocytes to maintain adiposity and on beige adipocytes to limit thermogenesis. However, it is also possible that a change in IL-10 signaling might affect the recruitment of beige precursors, especially in a chronic context. For example, in Il10 -/-mice beige adipocytes could experience sustained adrenergic signaling that would be expected to lead to their maintenance and enrichment (Altshuler-Keylin et al., 2016) . We did observe an increase in the frequency of TMEM26+ cells in iWAT of Il10 -/-mice, although we did not observe robust increases in the expression of classic beige marker genes (Wu et al., 2012) . Future lineage tracing studies will be required to directly test the effects of the IL-10 axis on beige progenitor recruitment and expansion.
Our results suggest that IL-10 signaling provides a brake that limits thermogenic gene expression. Since Il10ra is a direct target of PPARg, it seems reasonable to hypothesize that the IL-10 axis could serve to facilitate lipid storage and maintain adiposity. Given the central role that IL-10 plays in inflammation and immunity, IL-10 signaling might function as a mechanism to conserve energy in the setting of acute systemic demands such as infection. IL-10Ra expression is further elevated in response to obesity and aging, implying that changes in the activity of the IL-10 axis are relevant in these contexts. Finally, our data suggest that blockade of IL-10 signaling in adipose tissue might have beneficial effects in the setting of obesity and insulin resistance. The observation that acute knockdown of IL-10Ra expression in iWAT induces thermogenic gene expression supports further research into the therapeutic utility of targeting the adipose IL-10 axis.
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CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Peter Tontonoz (ptontonoz@mednet.ucla.edu).
EXPERIMENTAL MODEL AND SUBJECT DETAILS Mice
Breeding pairs of Il10 -/-mice and WT controls were acquired from Jackson Laboratory and colony maintained in pathogen-free barrier-protected environment (12:12 h light/dark cycle, 22 C-24 C) at UCLA animal facility. Male mice were used for all experiments. Experimental mice were sacrificed at ages mentioned in figure legends for histological, protein, and gene expression analysis. All the mutant strains used in this study were backcrossed to a C57BL/6 background as stated by Jackson inventory. Animal experiments were conducted in accordance with the UCLA Institutional Animal Care and Research Advisory Committee.
Cell Culture
Murine white and brown preadipocytes were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented 10% fetal bovine serum (FBS). For in vitro brown/beige adipocyte differentiation, preadipocytes were grown to confluence in DMEM with 10% FBS plus insulin (5 mg/ml) and T3 (1 nM). Confluent cells were induced to differentiate with dexamethasone (1 mM), IBMX (0.5 mM), insulin (5 mg/ml), indomethacin (125 nM) and Rosiglitazone (1 mM) for 2 days, followed by insulin, T3 and Rosiglitazone alone. On the fourth day, cells were pretreated for overnight ($16h) with and without 100 ng/ml IL10 and next day treated with 10 mM isoproterenol or forskolin for 5-6 h. White and brown preadipocytes were isolated and immortalized as previously described (Villanueva et al., 2013) and below. Brown preadipocytes IL10Ra expressing stable cells (iBAD) were generated using the pBabe retroviral system (Hummasti and Tontonoz, 2006) and described below.
METHOD DETAILS
Bone marrow transplantation studies Ten week old Il10 -/-mice (n = 3-4) were euthanized using isoflurane. Mice were dunked in 70% EtOH and fur/skin was removed from legs. Quadriceps and hamstring were removed to expose pelvic joints. Hair and muscles were removed and legs were kept in icecold PBS during processing of other legs. Tissues were then removed from legs to expose tibia and femur. After all the legs were collected, tibiae and femurs were separated and kept in PBS/DMEM solution. Bones were picked with forceps and using 23G subQ gauge needles PBS/DMEM solution was pushed through to oust bone marrow onto 2-3ml DMEM solution on a Petri dish. Using 18 gauge needles bone marrow chunks were broken apart by gently aspirating. Bone marrow solution was strained onto 50 mL conical tube using cell strainer (70 mm) to remove any debris. Petri dish was rinsed with 1-2 mL PBS/DMEM to collect residual bone marrow. The solution was spun down for 5 min at room temperature (RT) at 1200 rpm. RBC lysis buffer was added to the pellet for 5min and spun down again. Pellets were washed three times and bone marrow cells were counted and stored on ice for later injection into recipient mice. For bone marrow transplantation (BMT) studies, recipient WT or Il10 -/-mice (10 weeks of age) were lethally irradiated with 900 rads and transplanted with 3 3 10 6 bone marrow cells from above donor mice (Il10
) via tail vein injection. After injection mice were place in immunocompormised room in autoclaved cages supplemented with sterilized water and chow feed. Mice were kept on antibiotics regiment (see below) for 6 weeks and then moved to experimental facility and maintained in normal chow diet. Mice weights and body composition were measured every week. Mice were subjected to metabolic studies as indicated in figures and figure legends.
Antibiotic Treatment
Antibiotic treatment was performed as previously described (Hoentjen et al., 2003; Madsen et al., 2000) with modifications. Weaned (3 week old) WT or Il10 -/-mice were treated with 660 mg/L broad spectrum antibiotic enrofloxacin (Enroflox â 100, Norbrook, equivalent to ciprofloxacin). Antibiotic was added to drinking water every week for 7 weeks dosed at $100 mg/kg/day.
Cold exposure studies For 4 C cold exposure experiment, WT or Il10 -/-mice at 8-10 weeks of age were singly or doubly housed at 4 C room in a nonbedded cage with access to food and water for the time points indicated in figure legend. At the end of the experiment, iWATs were resected for gene expression analysis.
Thermoneutral condition studies For thermoneutral experiment, WT and Il10 -/-mice at 4 weeks of age were housed (4/cage with bedding) in 30 C room with 12h light:dark cycle for 7 weeks on a regular chow diet. After 7 weeks, various tissues including iWATs were resected for gene analysis.
High fat diet studies For diet study, 10 weeks of age Il10 -/-and WT mice were fed a 60% high-fat diet (Research Diets) for the indicated times. Mice weights and body composition were measured every week and food was replaced weekly.
Cytokines and Lipid Measurement
On the day of harvest, mice were fasted for 6 h and euthanized using isoflurane. Blood was drawn by cardiac puncture and kept in clot activator commercial tube (Terumo CAPIJET, T-MG) and placed on ice. Blood was spun down at 8000 rpm for 5 mins at 4 C table-top centrifuge and serum was collected and stored at À80 C. Liver lipids were isolated using Folch extraction method and as previously described (Sallam et al., 2016) . Serum cytokines were measured using Milliplex mouse cytokine Magnetic kit (Millipore) and serum lipids were measured using Wako L-Type TG M, Wako NEFA-HR, or Wako Cholesterol E Test kit according to manufactures' instructions.
Serum and Adipose Catecholamine Measurement
Serum samples were collected as described above. Adipose tissue homogenates were collected as previously described (Qiu et al., 2014) . Briefly, resected adipose tissues were flash frozen in liquid nitrogen and stored at À80 C until further analysis. 600 mL of homogenization buffer (0.01N HCl, 1mM EDTA, 4mM Na 2 S 2 O 5 ) was added to 100-300 mg of tissue and were homogenized using TissueLyzer for 1min at 30 MHz. Cellular debris was cleared by centrifugation at 13000 rpm for 15 min at 4 C. 50 mL of serum and 200 mL of cleared adipose homogenate was used to measure catecholamine levels using 3-CAT Research ELISA (Labor Diagnostika Nord GmBH & Co.) according to manufacturer's instructions.
Measurement of Core Temperature
Core body temperature of WT and Il10 À/À mice was measured at room temperature using rectal probe (BAT-10) purchased from Physitemp.
Glucose Tolerance Test (GTT) and Insulin Tolerance Test (ITT)
For glucose tolerance tests, mice were fasted for 6 h and challenged with an intraperitoneally (i.p.) injection of glucose (2 g/kg). For insulin tolerance tests, mice were fasted for 6 hr and given an i.p. injection of insulin (1 U/kg). Blood glucose levels were monitored using the ACCUCHEK active glucometer (Roche) at times indicated in figure legends.
Indirect Calorimetry and Body Composition Measurements
Indirect calorimetry was performed using a Columbus Instruments Comprehensive Lab Animal Monitoring System (CLAMS, Columbus Instruments). Animals were placed individually in chambers for 3 consecutive days at ambient temperature (26.5 C) with 12 hr light/dark cycles. Animals had free access to food and water. Respiratory measurements were made in 20 min intervals after initial 7-9 hr acclimation period. Energy expenditure was calculated from VO2 and RER using the Lusk equation, EE in Kcal/hr = (3.815 + 1.232 X RER) X VO2 in ml/min. Food intake was measured in metabolic chambers. Body composition (fat and lean mass) was determined using EchoMRI Body Composition Analyzer Ex vivo iWAT IL10 treatment For ex vivo iWAT IL10 treatment, 10 week old WT mice were housed at cold room (4-6 C) for 6 h and iWATs were isolated and minced, placed in KREB's Ringer Buffer (12 mM HEPES, 121 mM NaCl, 4.9 mM KCl, 1.2 mM MgSO 4 , 0.33 mM CaCl 2 ) supplemented with 0.1% glucose and incubated with and without 100 ng/ml IL10 for 30 mins-1h at 37 C.
Construction of Adenovirus (Ad) expressing IL10Ra shRNA Invitrogen's Gateway cloning strategy was used to generate mouse IL10Ra shRNA adenovirus. shRNA targeting mouse IL10Ra was designed using Invitrogen Block-iT RNAi Designer. Forward and reverse shRNA oligonucleotides were synthesized by Integrated DNA Techonologies (IDT) and diluted to 200 uM and annealed and ligated into gateway entry plasmid pENTR/U6 vector (Invitrogen).
To generate mammalian expression constructs, we used LR recombination between IL10Ra containing pENTR/U6 and pAD-BLOCK-iT to generate AD-shIL10Ra. Viruses were amplified, purified, and tittered by Viraquest.
Adenovirus IL10Ra shRNA injection into iWAT
For the IL10Ra shRNA adenovirus delivery to fat pads, 2X10 9 PFU of adenovirus was percutaneously injected into each inguinal fat depot of anesthetized WT mice at 8-10 weeks of age. In each mouse, Ad-IL10Ra shRNA was injected into iWAT on one side, and Ad-Lacz shRNA (control) was injected into the contralateral side as a control. 4-5 days after the injection, iWATs were resected for gene expression analysis.
Acute IL10Ra antisense oligonucleotide (ASO) studies
For acute ASO studies, WT mice at 8-10 weeks of age were i.p. injected with control or IL10Ra ASO (CCTTTCTACAGATATG) at 25mg/kg for twice a week for 3 weeks. Body weight was measured weekly and body composition was determined by EchoMRI analysis. At the end of ASO treatment, various tissues were resected and weighted and subjected to gene expression analysis.
Tissue hematoxylin and eosin (H&E) staining and immunohistochemistry Tissues (4-5 microns thickness) were placed in cassettes and submerged in 10% formalin solution overnight. Tissue cassettes were washed with tap water for 15 minutes and stored in 70% EtOH at room temperature. Paraffin embedment and H&E staining was performed at the Translational Pathology Core Laboratory (TPCL) at UCLA. Vectastain Elite ABC kit was used for UCP1 and MCP1 immunohistochemistry as per manufacturer's instructions.
Cellular and Mitochondrial Respiration assay
Cell were seeded in a XF24 plate, differentiated, and analyzed in a XF24 analyzer (Seahorse Bioscience/Agilent) as described (Wu et al., 2007) . Briefly, oxygen consumption rate (OCR) was measured before and after the sequential injection of 0.75 mM oligomycin, 1 mM FCCP, and 1 mM of rotenone/myxothiazol. Mixing, waiting, and measurement times were 5, 2, and 2 min, respectively. Measures were normalized by total protein. In another set of experiments, mitochondria were isolated from fresh tissues and immediately used in a XF24 analyzer as previously described (Rogers et al., 2011) . Briefly, mitochondria were isolated in MSHE+BSA buffer using a 800 g/8000 g dual centrifugation method and resuspended in MAS buffer. Protein concentration was determined using a Bradford Assay reagent (Bio-Rad) and 20 mg of protein were seeded per well by centrifugation. Coupling and electron flow assays were performed as described (Rogers et al., 2011) . For the coupling assay, basal oxygen consumption rate (OCR) was measured in the presence of 10 mM succinate and 2 mM rotenone, and after sequential addition of 4 mM ADP (Complex V substrate), 2.5 mg/ml oligomycin (Complex V inhibitor), 4 mM FCCP (mitochondrial uncoupler) and 4 mM antimycin A (Complex III inhibitor). Coupled respiration was calculated as the difference between basal and response to oligomycin. Uncoupled respiration was the difference Chromatin immunoprecipitation (ChIP) and ChIP-Seq ChIP experiments were performed according to standard protocols (Villanueva et al., 2011 (Villanueva et al., , 2013 . Lysed cells were sonicated using a Bioruptor (Diagenode) according to the manufacturer's protocol, and chromatin was immunoprecipitated with antibodies against PGC1a (H-300 sc-13067, Santa Cruz Biotechnology), ATF-2 (C-19 sc-187, Santa Cruz Biotechnology), C/EBPb (sc-150, Santa Cruz Biotechnology), and IgG (PP64, Millipore) overnight at 4 C in the presence of Protein A beads (GE Healthcare). DNA enrichment was quantified by real-time PCR (ABI QuantStudio) using SYBR Green Master Mix (Diagenode). Primers used for these studies are list in Table S2 . Occupancy was quantified using a standard curve and normalized to input DNA. ChIP-Seq libraries were prepared using the Kapa LTP Library Preparation Kit (Kapa Biosystems). ChIP-Seq was performed as described (Tong et al., 2016) . Reads were aligned to the mouse genome (NCBI37/mm9) with Bowtie2. Uniquely mapped reads were used for peak calling and annotation using HOMER (Heinz et al., 2010) . Peaks were called if they passed a false discovery rate of 0.01 and were enriched over input. Peaks were annotated to the nearest TSS.
Gene Expression Analysis
Total RNA was isolated using TRIzol reagent (Invitrogen) and reverse transcribed with the iScript cDNA synthesis kit (Biorad). cDNA was quantified by real-time PCR using SYBR Green Master Mix (Diagenode) on an ABI QuantStudio instrument. Gene expression levels were determined by using a standard curve. Each gene was normalized to the housekeeping gene 36B4 and was analyzed in duplicate. Primers used for real-time PCR are listed in Table S1 .
Protein Analysis
Whole cell lysate or tissue lysate was extracted using RIPA lysis buffer (Boston Bioproducts) supplemented with complete protease inhibitor cocktail (Roche). Proteins were diluted in Nupage loading dye (Invitrogen), heated at 95 C for 5 min, and run on 4-12% NuPAGE Bis-Tris Gel (Invitrogen). Proteins were transferred to hybond ECL membrane (GE Healthcare) and blotted with commercial antibodies mentioned in the figure legends and the Key Resources Table. Mouse and human population-based investigation of IL10Ra Hybrid mouse diversity panel data was analyzed from 106 inbred strains fed a High-fat high-sucrose diet for 8 weeks as previously described (Parks et al., 2013 (Parks et al., , 2015 . Mouse adipose tissue global expression was analyzed using Affymetrix HT_MG430A arrays and overlaid with phenotypic measurements. Human adipose tissue expression arrays using Affymetrix U219 microarray and phenotypic data was analyzed from the Metabolic Syndrome in Men (METSIM) study (Laakso et al., 2017; Stancá ková et al., 2009 ). All correlations were assessed from the midweight bicorrelation coefficient and corrected p value using the R package WGCNA (Langfelder and Horvath, 2008) .
QUANTIFICATION AND STATISTICAL ANALYSES
Motif Analysis MACS2 called ATAC peak regions were used for motif analysis. JASPAR2016 Position Weight Matrices were used to identify binding sites in ChIP-Seq and ATAC peaks using Pscan-ChIP (Zambelli et al., 2009) Statistics All data are presented as mean ± SEM and analyzed using Microsoft Excel and Prism (Graphpad). Student's t test was used for single variable comparison between two groups. One-way ANOVA followed by Dunnett post hoc test was used for multiple comparisons versus the control group. Two-way ANOVA followed by Bonferroni posttests was used to examine interactions between multiple variables. Statistical significance for CLAMS study was determined by using two-way ANOVA repeated-measures and multiple regression analysis (ANCOVA). Data are presented as ± SEM p < 0.05 was considered to be statistically significant and is presented as * p < 0.05, ** p < 0.01, *** p < 0.001, or **** p < 0.0001.
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